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We plan to explore the full potential of Belle II to search for GeV-scale hidden sectors with long-

lived particles. This requires the development of new search strategies for charged and neutral final

states, including new reconstruction algorithms and optimized triggers. Motivated by the particle

dark matter hypothesis, we plan to define simple models as representatives of a mechanism that

sets the relic abundance in the early universe, like co-scattering or freeze-in. Based on these models,

we predict typical signatures with long-lived particles that guide the new searches at Belle II. In

addition we plan to explore the reach of a dedicated long-lived particle project called GAZELLE.

This detector would be placed O(10m) away from the Belle II interaction point.

Belle II is expected to be able to probe phenomenologically interesting new physics scenarios with long-lived particles13

(LLPs). We plan to focus on hidden sectors of new particles in the MeV to GeV range and explore the full range of LLP14

signatures at Belle II. While such hidden sectors are predicted in many extensions of the standard model (SM) [1],15

in this LoI we base our predictions on feebly-interacting dark matter. Viable scenarios of GeV-scale dark matter16

often require suppressed couplings to standard model particles, in order to obtain the observed relic abundance from17

freeze-out via co-annihilation [2] or co-scattering [3], or from freeze-in [4]. By searching for long-lived mediators of18

such a new force at Belle II, we may learn about dark matter production in the early universe. Previous searches19

for hidden sectors at e+e� experiments have focused mostly on final states with prompt particles or missing energy.20

These categories probe mediators that are heavy and/or strongly coupled (prompt decays), or mediators that either21

decay into dark matter or are so light that they leave the detector before decaying (missing energy). Signatures with22

long-lived particles, in turn, probe mediators with displaced decays to visible particles, as they are predicted in viable23

scenarios of dark matter. Searches for visible displaced decays of long-lived mediators bridge the existing sensitivity24

gap in regions that cannot be accessed by searches for prompt decays or missing energy.25

LONG-LIVED PARTICLES IN BELLE II26

Depending on the interactions with the standard model, mediators � can be produced in different processes at27

Belle II. Mediators with lepton couplings can be produced directly through e+e� ! � [2, 3, 5, 6], while mediators28

with couplings to quarks can be produced via ⌥ decays, ⌥ ! �X [4], or in meson or decays like M1 ! M2� [7–9].29

The LLP is not necessarily the mediator of the dark force, but can also be an additional state from a larger dark30

sector, as for instance in models for inelastic dark matter [2]. The decay modes of a mediator are model-dependent31

and allow us to probe a large variety of possible interactions. We classify these in terms of the signatures we expect32

at Belle II (see Fig. 1 left). It should be noted that Belle II has very good sensitivity for fully invisible LLP decays33

(e+e� ! � + inv., B ! K⌫⌫̄, B ! inv., ⌥ ! inv., ...) [10], which sometimes offer an alternative way to look for the34

same physics.35

Belle II offers a uniquely clean environment to probe B decays with LLPs by reconstructing the full final state (see36

Fig. 1 right). On the other hand, if LLPs are produced directly in e+e� collisions, Belle II track-triggers are currently37

not sensitive to the displaced vertex. Instead the events must be triggered on associated particles such as initial-state38

radiation photons. Note that LLPs from B meson decays are generally triggered with high efficiency by the prompt39

decay products of the other B in the event, that Belle II does not have a missing energy trigger, and that Belle II40

calorimeter hardware cluster triggers are very efficient also for displaced photons (but they have no discrimination41

power on whether the event contained a displaced photon).42

43

also: LOI Dark sector studies at Belle II (Kevin Flood later today)
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FIG. 1. Schematic display of LLP final state signatures (left) and a B ! KS decay with displaced muon pair (right) in Belle II.

The displayed detector plane is perpendicular to the beam axis.

Displaced charged final states Long-lived neutral mediators � can decay into pairs of displaced SM charged parti-44

cles. The final state can be fully visible (� ! ``, e.g. a dark photon A0 [11]) or include missing energy (� ! ``+inv.,45

e.g. inelastic DM [2]).46

47

Displaced neutral final states If decays to SM fermions are kinematically forbidden or suppressed (e.g. B ! KS48

with mS < 2me), long-lived neutral mediators � will generally decay into pairs of (displaced) photons. Neutral final49

states also arise in models with long-lived pseudo-scalar mediators a with decoupled production and decay, e.g. in50

models with multiple axion-like particles (ALPs) a1 ! a2a2, a2 ! ��, or in B ! Ka, a ! �� decays. Light vector51

mediators A0 may decay into 3� if mA0 < 2me [12]. The Belle II calorimeter offers excellent energy and timing52

reconstruction of O(ns), but the lateral segmentation does not allow to reconstruct displaced photons directly. We53

plan to explore the option to use shower shape information or advanced reconstruction methods, as well as pair-54

conversions or Dalitz-decays to detect non-pointing photons and displaced multi-photon vertices. Using the Belle II55

muon detector, we plan to investigate longer lifetimes, however at the expense of a significantly lower energy resolution.56

57

Disappearing and kinked tracks Light charged mediators �± may result in decays of �±
! `±+inv. (kinked track)58

or �±
! inv. (disappearing tracks if the charged decay daughter is too soft). While these scenarios are often severely59

constrained from precision measurements of ↵QED(Q) or the electron magnetic moment (g � 2)e, we plan to study60

possible signatures that may have escaped detection so far.61

A DEDICATED LLP DETECTOR: GAZELLE62

We propose to study the search potential for LLPs with longer lifetimes at a new experiment GAZELLE (GAZELLE63

is the Approximately Zero-background Experiment for Long-Lived Exotics) at SuperKEKB, to search for LLPs.64

GAZELLE would be housed in the same building as Belle II and observe the same e+e� collisions. The relatively65

quiet background environment will allow GAZELLE to search for LLPs in a large variety of neutral and charged final66

states. The low boost of decay products typically results in wide angular separation which will allow a precise LLP67

mass determination. If the GAZELLE readout is synchronized with the Belle II readout, the visible decay products68

associated with the production of the LLP can be measured in Belle II and can lead to significant improvements of the69

LLP mass determination and rejection of backgrounds in GAZELLE. We will study the possibility to use GAZELLE70

as L1 and/or software trigger for Belle II, which is expected to increase the sensitivity to detect directly produced71

LLPs that leave little energy deposition in Belle II. Background levels are expected to be small compared to the72

LHC and beam-dump experiments. One focus will be the optimization of position of shielding against background73

that arise from K0
L decays produced in meson decays. The GAZELLE detector will require a timing resolution of74

O(100 ps) and a position resolution of O(10 cm) to detect displaced charged final states. For displaced neutral final75

states or charged particles with very low momentum, a highly-segmented electromagnetic calorimeter could increase76

the sensitivity significantly. We plan to include studies of an optional add-on detector that utilizes emulsion/lead77

brick targets and is positioned in front of GAZELLE to search for neutrinos and very low momentum particles.78

79

Goal: Explore Belle-II’s full potential to search for LLPs. 
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states. The low boost of decay products typically results in wide angular separation which will allow a precise LLP67

mass determination. If the GAZELLE readout is synchronized with the Belle II readout, the visible decay products68

associated with the production of the LLP can be measured in Belle II and can lead to significant improvements of the69

LLP mass determination and rejection of backgrounds in GAZELLE. We will study the possibility to use GAZELLE70

as L1 and/or software trigger for Belle II, which is expected to increase the sensitivity to detect directly produced71

LLPs that leave little energy deposition in Belle II. Background levels are expected to be small compared to the72

LHC and beam-dump experiments. One focus will be the optimization of position of shielding against background73

that arise from K0
L decays produced in meson decays. The GAZELLE detector will require a timing resolution of74

O(100 ps) and a position resolution of O(10 cm) to detect displaced charged final states. For displaced neutral final75

states or charged particles with very low momentum, a highly-segmented electromagnetic calorimeter could increase76
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brick targets and is positioned in front of GAZELLE to search for neutrinos and very low momentum particles.78
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… and where they come from
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In the above expressions, ga�� is the coupling strength of the ALP-photon interaction, ma207

is the mass of the ALP,
p
s = 10.58GeV, and ↵ is the electromagnetic coupling.208

209

The experimental signature of the decays into two photons is determined by the relation210

between mass and coupling of the ALP. It leads to four di↵erent experimental signatures (see211

Fig. 2) depending on the ALP lifetime and the opening angle between the decay photons.212

In this analysis we focused on the resolved case. In this case the lifetime of the ALP is213

very short and the opening angle between the decay photons is large enough to resolve two214

separate ECL clusters.215

216

Existing constraints on ALPs with photon coupling are shown in Fig. 3. Limits for high217

ALP masses come from peripheral ion collisions at ATLAS. The intermediate mass range218

0.05GeV/c2 . ma . 7.0GeV/c2 is only weakly constraint from LEP searches1. For even219

lighter ALPs, proton and electron beam dump experiments and searches for invisible final220

states provide strong constraint even for small couplings.221

222

1 LEP limits for hypercharge couplings are significantly stronger.

11

analysis in preparation (new PhD starting soon)
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M. Duerr, TF, C. Hearty, F. Kahlhoefer, K. Schmidt-Hoberg, P. Tunney, JHEP 02 (2020) 039

inelastic dark matter
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Scalar mixing also causes a universal reduction of
all Higgs couplings to visible particles by c✓. This
suppresses the Higgs signal strength defined by

µ =
�h ⇥ B(h ! vis)
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h
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where �h is the Higgs production rate and B(h ! vis)
the branching ratio to visible final states. Current
global analyses constrain universal modifications of
the Higgs couplings, but without allowing for invisible
decays. For the HL-LHC, such an analysis has been
performed assuming Run-2 systematics [46]. The ex-
pected reach for dark scalars depends on the invisible
decay rate �h

��̄. For y� = 1 we expect that mixing
angles down to ✓ = 0.008 will be probed. The sensi-
tivity is comparable with the current BaBar bounds
from B ! K /E, but less than predicted at Belle II.

IV. DISPLACED VERTEX SIGNATURES

If invisible decays are kinematically forbidden or ab-
sent, dark scalars leave signatures with visible de-
cay products. Due to the flavor-hierarchical cou-
plings, scalar decays to light leptons or mesons are
suppressed, while scalar production through the top-
quark coupling is sizeable even for small mixing ✓.
The scalar has a nominal lifetime of roughly c⌧S =
c/�S ⇡ s

�2
✓ nm and becomes long-lived at detector

scales for ✓ . 10�2. This leads to signatures with
displaced vertices, which are perfect targets for fla-
vor or beam dump experiments.

At e+e� colliders, light scalars can be abundantly
produced from BB̄ pairs at the ⌥(4S) resonance with
subsequent B ! KS decays. Direct production via
e
+
e
�
! S is strongly suppressed by the tiny electron

coupling. Alternative searches for radiative Upsilon
decays ⌥(n) ! S� through the b-quark coupling at
BaBar exclude strong mixing ✓ & 0.1 [47–49].

Measurements of B ! K
(⇤)

µµ̄ decays by BaBar,
Belle and LHCb exclude scalar mixing down to
✓ ⇡ 10�3 [17]. The event selection is typically re-
stricted to prompt decays. LHCb has performed
dedicated searches for displaced muons from long-
lived scalars [50, 51]. By reinterpreting the search
for B+

! K
+
S(! µµ̄) [51] we exclude scalar mixing

down to ✓ ⇡ 10�4, shown in blue in Fig. 2. Ve-
toed regions around the resonances K

0
S ,  (2S) and

 (3770) are partially excluded by a similar search for
B

0
! K

⇤
S(! µµ̄) decays [50].

To date, the only search for long-lived scalars at
e
+
e
� colliders is an inclusive search for displaced ver-

tices of charged leptons, pions or kaons by BaBar [52].
From this analysis BaBar has derived upper bounds

FIG. 2: Searches for dark scalars with displaced vertices.
Shown are 95% CL bounds from B+ ! K+S(! µµ̄)
searches at LHCb [51] (blue) and 90% CL bounds on
B(B ! XsS)B(S ! f) with f = µ+µ� (yellow) and
⇡+⇡� (orange) from an inclusive search by BaBar [52].
Regions of 3� significance at BELLE II are shown for
B ! KS(! f) with f = ⇡+⇡�, µ+µ� and ⌧+⌧� (green).
For comparison, we show projections for B ! Kµµ̄
at LHCb Run-3 (blue curve) and NA62 (red curve), as
well as predictions for future long-baseline experiments
(dashed curves).

on the branching ratio B(B ! XsS)B(S ! f) for
di↵erent final states f . In Fig. 2 we show our rein-
terpretation of these bounds for f = µ

+
µ
� (yellow)

and f = ⇡
+
⇡
� (orange). The sensitivity is limited

by hadronic backgrounds from K
0
S , ⇤, K

± and ⇡
±

decays and by the available data set, so that only a
few small parameter regions can be excluded.

The fact that BaBar probes very small mixing
without optimizing their analysis for dark scalars sug-
gests that Belle II can reach a better sensitivity with
a dedicated search. We suggest to search for dis-
placed vertices from exclusive B ! KS(! f) decays
at Belle II, where K stands for either K0, K+, or K⇤

excitations. Promising final states are f = µ
+
µ
� and

⇡
+
⇡
�, K+

K
� for scalar masses mS . 2GeV, as well

as ⌧�⌧+, D+
D

� or 4⇡ for heavier scalars.
Let us first focus on displaced muon pairs, which

probe a large range of scalar masses 2mµ < mS <

mB � mK . The signal is defined by a displaced
muon vertex and a kaon, which together reconstruct
the B momentum. The reconstruction of the full fi-
nal state strongly suppresses background from dis-
placed hadron decays, making this search largely

Where Belle II gains

 5example: Higgs-portal scalar - Filimonova, Schaefer, Westhoff 1911.03490

LHC

astro, cosmo

fixed-target

longer 
decay length

Good at ‚intermediate‘ lifetimes. Many final states detectable.
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µµ̄ decays by BaBar,
Belle and LHCb exclude scalar mixing down to
✓ ⇡ 10�3 [17]. The event selection is typically re-
stricted to prompt decays. LHCb has performed
dedicated searches for displaced muons from long-
lived scalars [50, 51]. By reinterpreting the search
for B+

! K
+
S(! µµ̄) [51] we exclude scalar mixing

down to ✓ ⇡ 10�4, shown in blue in Fig. 2. Ve-
toed regions around the resonances K

0
S ,  (2S) and

 (3770) are partially excluded by a similar search for
B

0
! K

⇤
S(! µµ̄) decays [50].

To date, the only search for long-lived scalars at
e
+
e
� colliders is an inclusive search for displaced ver-

tices of charged leptons, pions or kaons by BaBar [52].
From this analysis BaBar has derived upper bounds

FIG. 2: Searches for dark scalars with displaced vertices.
Shown are 95% CL bounds from B+ ! K+S(! µµ̄)
searches at LHCb [51] (blue) and 90% CL bounds on
B(B ! XsS)B(S ! f) with f = µ+µ� (yellow) and
⇡+⇡� (orange) from an inclusive search by BaBar [52].
Regions of 3� significance at BELLE II are shown for
B ! KS(! f) with f = ⇡+⇡�, µ+µ� and ⌧+⌧� (green).
For comparison, we show projections for B ! Kµµ̄
at LHCb Run-3 (blue curve) and NA62 (red curve), as
well as predictions for future long-baseline experiments
(dashed curves).

on the branching ratio B(B ! XsS)B(S ! f) for
di↵erent final states f . In Fig. 2 we show our rein-
terpretation of these bounds for f = µ

+
µ
� (yellow)

and f = ⇡
+
⇡
� (orange). The sensitivity is limited

by hadronic backgrounds from K
0
S , ⇤, K

± and ⇡
±

decays and by the available data set, so that only a
few small parameter regions can be excluded.

The fact that BaBar probes very small mixing
without optimizing their analysis for dark scalars sug-
gests that Belle II can reach a better sensitivity with
a dedicated search. We suggest to search for dis-
placed vertices from exclusive B ! KS(! f) decays
at Belle II, where K stands for either K0, K+, or K⇤

excitations. Promising final states are f = µ
+
µ
� and

⇡
+
⇡
�, K+

K
� for scalar masses mS . 2GeV, as well

as ⌧�⌧+, D+
D

� or 4⇡ for heavier scalars.
Let us first focus on displaced muon pairs, which

probe a large range of scalar masses 2mµ < mS <

mB � mK . The signal is defined by a displaced
muon vertex and a kaon, which together reconstruct
the B momentum. The reconstruction of the full fi-
nal state strongly suppresses background from dis-
placed hadron decays, making this search largely

GAZELLE

Goal: Physics potential and design of proposed far-distance detector.

LLP decay 
prompt

displaced

stable

LLP decay 
before

inside

after

?
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Timescale: will be discussed at LOI meeting on October 12.

(portals, dark matter models)
Goal 1: Explore new LLP signatures for Belle II

(reconstruction, trigger, …) 
Goal 2: Explore the ultimate potential for LLPs at Belle II

Goal 3: Physics potential and detector study
of a new LLP detector: GAZELLE



Why this is a Snowmass project
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Portals: benchmarks exist - compare with other searches

New signatures: need new (and well-motivated) ideas

GAZELLE: joint effort by theory and experiment

Snowmass’ cross-frontier synergies

Snowmass as forum

Snowmass as platform for exchange

Questions? 
Susanne Westhoff: westhoff@thphys.uni-heidelberg.de 
Torben Ferber: torben.ferber@desy.de

mailto:westhoff@thphys.uni-heidelberg.de
mailto:torben.ferber@desy.de

